CoA-dependent transacylation activity in microsomes catalyzes the transfer of fatty acid between phospholipids and lysophospholipids in the presence of CoA without the generation of free fatty acid. We examined the mechanism of the transacylation system using partially purified acyl-CoA:lysophosphatidylinositol (LPI) acyltransferase (LPIAT) from rat liver microsomes to test our hypothesis that both the reverse and forward reactions of acyl-CoA:lysophospholipid acyltransferases are involved in the CoA-dependent transacylation process. The purified LPIAT fraction exhibited ATP-independent acyl-CoA synthetic activity and CoA-dependent LPI generation from PI, suggesting that LPIAT could operate in reverse to form acyl-CoA and LPI. CoA-dependent acylation of LPI by the purified LPIAT fraction required PI as the acyl donor. In addition, the combination of purified LPIAT and recombinant lysophosphatidic acid acyltransferase could reconstitute CoA-dependent transacylation between PI and phosphatidic acid. These results suggest that the CoA-dependent transacylation system consists of the following: 1) acyl-CoA synthesis from phospholipid through the reverse action of acylCoA:lysophospholipid acyltransferases; and 2) transfer of fatty acyl moiety from the newly formed acyl-CoA to lysophospholipid through the forward action of acylCoA:lysophospholipid acyltransferases.
The fatty acyl moieties of phospholipids are not static but instead are dynamically turned over. Acyltransferases and transacylases catalyze the acylation of lysophospholipids and are involved in the biosynthesis and fatty acid remodeling of phospholipids (1) (2) (3) (4) . A CoA-dependent transacylation system (or CoA-dependent transacylase) catalyzes the transfer of fatty acids from phospholipids to lysophospholipids in the presence of CoA without generation of free fatty acids (5) (6) (7) (8) (9) (10) (11) . In rabbit liver microsomes, arachidonic acid (20:4n-6), linoleic acid (18: 2n-6), and stearic acid (18:0), esterified in phospholipids, are the main species transferred to lysophospholipids in the presence of CoA, indicating that this system shows some fatty acid specificity (11) . Phosphatidylcholine (PC), 1 phosphatidylethanolamine (PE), and phosphatidylinositol (PI) have been shown to serve as donor phospholipids, PI being the preferred acyl donor (10, 11) . Despite the importance of CoA-dependent transacylation system in fatty acid remodeling of phospholipids, the mechanism underlying the transacylation system is not fully understood yet. In fact, the identities of the enzymes responsible for CoA-dependent transacylation reactions have not been established. Although we and other investigators (5, 6, 11, (12) (13) (14) considered previously that acyl-CoA:lysophospholipid acyltransferases may be involved in CoA-dependent transacylation reactions, direct and conclusive evidence has not been obtained because of the lack of success in purification and cloning of membrane-bound lysophospholipid acyltransferases and transacylases, including the CoA-dependent transacylation system.
Previously, we demonstrated ATP-independent and CoA-dependent acyl-CoA synthesis in microsomal fractions of mammalian tissues (13, 14) . This fatty acyl-CoA synthesis is distinct from the well known acyl-CoA synthetase activity that ligates fatty acids and CoA in the presence of ATP and Mg 2ϩ . Because lysophospholipids such as lysophosphatidylcholine (LPC) and lysophosphatidylinositol (LPI) were concomitantly formed during the acyl-CoA formation, we assumed that the CoA-dependent/ATP-independent acyl-CoA synthesis is because of the reverse reactions of acyl-CoA:lysophospholipid acyltransferases (Scheme 1, upper equation). Further, we hypothesized that the CoA-dependent transacylation system consists of the following: 1) acyl-CoA synthesis through the reverse action of acyl-CoA: lysophospholipid acyltransferases; and 2) the transfer of a fatty acyl moiety from the newly formed acyl-CoA to lysophospholipid through the forward action of the acyltransferases (Scheme 1).
To evaluate the model, we previously examined the detailed enzymology of recombinant acyltransferase (15) . We used the mouse lysophosphatidic acid (LPA) acyltransferase (mLPAAT) (16) , because LPAAT was the first to be cloned and is currently the only available acyltransferase active toward lysophospholipids, although this enzyme is involved in de novo synthesis of glycerolipids rather than fatty acid remodeling of phospholipids. The recombinant LPAAT could catalyze the ATP-independ-* This work was supported in part by a grant-in-aid from the Ministry of Education, Culture, Sports, Sciences, and Technology of Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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In this study, we solubilized and partially purified LPIAT from rat liver to examine whether LPIAT can catalyze ATPindependent acyl-CoA synthesis and CoA-dependent transacylation activity. To date, most attempts to solubilize membrane-associated acyltransferases and transacylases with detergents resulted in immediate and complete loss of enzyme activity. Fortunately we found that low levels of CHAPS did not affect the activity and that addition of crude soybean phospholipids (azolectin) could stabilize the enzyme activity after solubilization and during purification. We also found that LPIAT and the CoA-dependent transacylation activity toward LPI copurified during the chromatographic procedures. Partially purified LPIAT catalyzed ATP-independent acyl-CoA synthetic activity with PI. These results are consistent with the CoA-dependent transacylation activity toward LPI being because of a combination of the reverse and forward reactions of LPIAT. In addition, we found that the combination of purified LPIAT and recombinant LPAAT catalyzed CoA-dependent transacylation between PI and PA. We conclude that the CoA-dependent transacylation activity is because of the combination of the reverse and forward reactions of acyl-CoA acyltransferases. H ]myoinositol, 185 GBq/mmol) were purchased from PerkinElmer Life Sciences. LPA (1-oleoyl (18:1)-GP), LPC (1-palmitoyl (16:0)-glycero-3-phosphocholine, 1-acyl-GPC), LPE (1-acyl-glycero-3-phosphoethanolamine, 1-acyl-GPE), LPI (1-acyl-glycero-3-phosphoinositol, 1-acyl-GPI), PE and PI from bovine liver, essentially fatty acid-free bovine serum albumin, and fatty acids (18:0, 18:1, 18:2, 20:4, and azido-oleic acid) were obtained from Sigma. CoA was obtained from Kyowa Hakko., Ltd. (Tokyo, Japan). TLC plates precoated with silica gel 60 (type 5721) and silica gel with fluorescent indicator F 254 (type 5715) were from Merck.
EXPERIMENTAL PROCEDURES
14 C-Labeled and unlabeled fatty acyl-CoAs and azido-oleoyl-CoA were synthesized by the method of Seubert (17) (18, 19) . After the enzyme treatment, the lysophospholipids were purified by TLC, so the lysophospholipids did not contain parent phospholipid or fatty acid (over 95% pure). We did not check the positional purity of 2-acyl LPI but used the material as soon as possible to reduce fatty acid migration. CHAPS and octylglucoside were purchased from Dojindo Laboratories (Kumamoto, Japan). Triton X-100 and sodium deoxycholic acid were from Wako Pure Chemicals (Tokyo, Japan). TSK gel AF-red-Toyopearl 650ML and TSK gel AF-blue-Toyopearl 650ML were purchased from Tohso (Tokyo, Japan). Bio-gel HTP and Econo-Pac Q cartridge were from Bio-Rad Laboratories (Hercules, CA). All other reagents were of reagent grade or better.
Preparation of Microsomal Fraction from Rat Liver-Male Wistar rats, 250 -350-g body weight, were fed ad libitum a control commercial diet (Oriental Yeast, Tokyo, Japan) and water. Livers were isolated rapidly, and microsomes were prepared by centrifugation as described previously (21, 22) . Briefly, the organs were homogenized in a PotterElvehjem glass-Teflon homogenizer in STE buffer (0.25 M sucrose/0.1 M Tris-HCl/1 mM EDTA (pH 7.4)/protease inhibitor mixture set III (Number 539134; Calbiochem)), and then homogenate was centrifuged at 700 ϫ g for 10 min to remove cell debris and nuclear materials. The supernatant was centrifuged at 10,000 ϫ g for 15 min, and the resultant supernatant was further centrifuged at 105,000 ϫ g for 60 min. The pellet (crude microsomes) was washed with STE buffer containing 0.6 M KCl to remove peripheral membrane proteins. The pellet was further washed with hypotonic solution (5 mM Tris-HCl (pH 7.4)/protease inhibitors) to lyse microsomal vesicles and to remove lumenal proteins. The final pellet was suspended with STE buffer and used as the microsomal fraction. The protein content was determined by the method of Lowry et al. (23) or by the BCA protein assay reagent (Pierce) with bovine serum albumin as a standard.
Assay of Acyl-CoA:Lysophospholipid Acyltransferases-Acyl-CoA:lysophospholipid acyltransferase activities were estimated from the incorporation of radiolabeled acyl-CoA into the corresponding phospholipid in the presence of lysophospholipid (11, 15) . Stocks of LPI (12 mM), LPA (11 mM), and acyl-CoA (1 mM) were in aqueous solution, and aliquots were added into assays directly. Stocks of LPC (50 mM) and LPE (2 mM) were in chloroform/methanol. Solvent was evaporated from aliquots under a stream of nitrogen gas before the lysophospholipids were dissolved in buffer and added to the assays. 2-Acyl LPI was prepared as soon as possible before use to reduce fatty acid migration.
For LPIAT assay, fractions such as microsomes, CHAPS extracts, and chromatographic eluates were incubated with 30 M [ (44,000 dpm) in the presence or absence of 20 M CoA in 50 mM Hepes buffer (pH 7.4) containing 5 mM EGTA at 30°C for various periods. CHAPS was kept below 0.05% (w/v) final concentration to minimize inhibition by detergent. In some cases, phospholipids were added to the assay system as acyl donors. Aliquots of phospholipids in chloroform/ methanol were dried under a stream of nitrogen gas, and the phospholipid was dissolved in partially purified LPIAT fraction (containing 1% CHAPS, 16 mM) by brief sonication (Branson bath-type sonifier). Then, the reaction was started by addition of assay solution with radiolabeled lysophospholipids as acyl acceptors. The concentrations of [ 3 H]LPI, CoA, and PI and the incubation time were varied in some cases.
2-[
14 C]Arachidonoyl LPI was employed instead of [ 3 H]LPI for CoA-dependent transacylation activity toward 2-acyl-LPI. Reactions were terminated by addition of 3 ml of chloroform:methanol (1:2, v/v). After addition of unlabeled PI as a carrier, the total lipids were extracted as described above, separated by TLC in chloroform:acetone:methanol: acetic acid:water (5:2:1:1:0.5, v/v), and visualized by primuline, and product bands were quantitated as described above.
For measurement of CoA-dependent transacylation toward LPC or LPA, enzyme reactions employed [ 14 C]LPA. The radioactivities of the product phospholipid bands were determined as described above.
CoA-dependent transacylation activity was also measured using radiolabeled acyl donors (phospholipids). Aliquots of phospholipids such as [
in organic solvent were dried under stream of nitrogen gas and dissolved in the partially purified LPIAT preparation (1% CHAPS) with brief sonication (Branson bath-type sonifier) before assay solution containing CoA and various lysophospholipid as acyl acceptor was added to start the reaction. Phospholipids were extracted and separated by two-dimensional TLC (13) . After detection of individual phospholipids by primuline, their radioactivity was determined as described above, and the transfer of [
14 C]fatty acid from phospholipid to lysophospholipid was calculated.
Solubilization of Liver Microsomes by CHAPS-
Rat liver microsomes were treated with 1% CHAPS, 20% ethylene glycol, 50 mM Tris-HCl (pH 7.4) (protein/detergent was ϳ0.5) and then carefully sonicated (10% maximum output for 15 s with 1 min pause, 2 cycles; Branson Sonifier Type 250 with microtip; Danbury, CT) in an ice bath. The cloudy microsomal suspension turned clear upon sonication. The clear solution was centrifuged at 105,000 ϫ g for 60 min, and the resultant supernatant was taken as the CHAPS extract. Phospholipids were quantitated by organic phosphate determination (25) . In some cases, the CHAPS extract was dialyzed against 100 volumes of 50 mM Tris-HCl (pH 7.4)/0.1 mM dithiothreitol/0.1 mM EDTA for 4 h with three changes of the buffer.
Partial Purification of LPIAT from Rat Liver Microsomes-All procedures were performed at 4°C. LPIAT was partially purified from rat liver microsomes by successive chromatographies on TSK gel AF-redToyopearl 650ML, Bio-gel HTP, Econo-Pac Q, TSK gel AF-heparinToyopearl 650M, and TSK gel AF-blue-Toyopearl 650ML.
CHAPS extracts were applied to TSK gel AF-red-Toyopearl 650ML, reactive red dye-affinity column (2.5-cm diameter ϫ 9 cm), which had been pre-equilibrated with Buffer A (25 mM Tris-HCl (pH 7.4), 1% CHAPS, 20% ethylene glycol, 1 mM dithiothreitol, 0.1 mM EDTA, and 0.1 mg/ml azolectin). The column was then washed with Buffer A until the effluent absorbance at 280 nm neared base-line values before elution with Buffer A containing a linear gradient of NaCl from 0 to 2 M. Fractions were assayed for acyltransferase activities.
Fractions from the AF-red-Toyopearl column that showed LPIAT and LPCAT activity, eluting at around 0.5 M NaCl (see Fig. 2A , fractions 36 -42) , were pooled and applied to a hydroxyapatite column (1.5 ϫ 15 cm) that was pre-equilibrated in Buffer A. The column was washed with Buffer A and then eluted with Buffer A in which the potassium phosphate concentration increased linearly from 0 to 500 mM. Fractions containing LPIAT activity, eluting at around 0.2 M potassium phosphate (see Fig. 2B , fractions [15] [16] [17] [18] [19] [20] , were pooled, diluted with 3 volumes of Buffer A, and applied to an Econo-Pac Q cartridge pre-equilibrated in Buffer A. The column was washed with Buffer A until the effluent absorbance neared base-line values and then eluted with Buffer A in which the NaCl concentration increased linearly from 0 to 500 mM.
The flow-through fractions from the Econo-Pac Q cartridge that contained LPIAT activity (see Fig. 2C ) were pooled and loaded onto a TSK gel AF-heparin-Toyopearl 650 M column (1 ϫ 5 cm) that had been pre-equilibrated with Buffer A. The column was washed with Buffer A and eluted with the same buffer in which the NaCl concentration increased linearly from 100 to 500 mM.
The fractions containing LPIAT activity were pooled, diluted, and then applied to a TSK gel AF-blue-Toyopearl 650ML column (2-ml bed volume) that had been pre-equilibrated with Buffer A. The column was washed with Buffer A in which the NaCl concentration increased linearly from 0 to 500 mM. Fractions with LPIAT activity were pooled. Most characterization of LPIAT-and CoA-dependent transacylation of LPI was done using enzyme purified through the TSK gel AF-blueToyopearl 650ML stage.
Partially purified LPIAT (10 g protein) was subjected to SDS-PAGE (10% acrylamide) with molecular weight markers (Low range; Bio-Rad). The gel was stained with Coomassie Brilliant Blue R-250.
Effects of Various Reagents on LPIAT Activity and CoA-dependent Transacylation Reaction toward LPI in the Partially Purified LPIAT
Fractions-Partially purified LPIAT (AF-blue-Toyopearl fractions) was treated with N-ethylmaleimide (2 mM) or 5,5Ј-dithiobis(nitrobenzoic acid (2 mM) for 30 min on ice. Alternatively, partially purified LPIAT was treated with azido-oleoyl-CoA (50 M) (26) for 30 min on ice and then irradiated with UV light (254 nm) for 2 min. The treated fractions were applied to an Ampure SA buffer-exchange column (Amersham Biosciences) to remove the reagents before enzyme assay. For treatment of purified LPIAT fractions with phenylmethylsulfonyl fluoride (2 mM) or 0.5% Triton X-100, the reagents were not removed but rather diluted with the assay buffer to 0.4 mM and 0.05%, respectively. In each case, the treated fractions were assayed for LPIAT activity and for CoA-dependent transacylation activity toward [ 3 H]LPI. Expression of mLPAAT in Escherichia coli-mLPAAT tagged at the N terminus with His 6 was expressed under control of tac (trc-lac) promoter in JC201 E. coli cells that lack endogenous LPAAT activity (pls C mutant) (15, 16, 27) . JC201 cells harboring pTrc/mLPAAT were cultured in LB medium at 30°C until the A 600 reached ϳ0.6 and then cultured for an additional 3 h with 1 mM isopropyl-␤-D-thiogalactopyranoside. The pTicHisC vector without an insert was used as a negative control. Bacterial cells were collected by centrifugation at 3,000 ϫ g for 15 min and then disrupted by sonication in 0.25 M sucrose/1 mM EDTA/ 0.1 M Tris-HCl buffer (pH 7.4) containing a protease inhibitor mixture (Calbiochem). The lysate was centrifuged at 3,000 ϫ g for 15 min to remove cell debris and then the supernatant was further centrifuged at 105,000 ϫ g for 60 min. The resulting membrane pellet was washed with the same buffer, and the final pellet was suspended in the same buffer and used for enzyme assays. The expression of mLPAAT in E. coli was confirmed by Western blotting using a monoclonal antibody against the penta-histidine epitope (Qiagen) (15) .
ATP-independent Acyl-CoA Synthesis from Phospholipids-ATP-independent acyl-CoA synthesis was measured as described previously (11, (13) (14) (15) with minor modifications. CHAPS extracts were incubated with 1 mM CoA in 10 mM Hepes (pH 7.4) containing 1% bovine serum albumin for 30 min at 30°C. Controls lacked CoA. In some cases, 0.5 units/ml apyrase was included to confirm that acyl-CoA synthesis was ATP-independent. In other cases, 100 M PI (bovine liver) was added in the assay system as acyl donor. Aliquots of PI in organic solvent were dried under a stream of nitrogen gas and then dissolved in partially purified LPIAT fraction (1% CHAPS) with brief sonication (bath-type sonifier). Assay solution containing 1 mM CoA and 1% bovine serum albumin was added to start the reaction. The reaction was stopped by addition of chloroform:methanol (1:2, v/v), and acyl-CoA was extracted by the method of Bligh and Dyer (24) . The water-methanol layer was washed three times with chloroform to remove chloroform-soluble materials and then was evaporated to dryness under a steam of nitrogen gas. The residue containing acyl-CoA was dissolved in a small volume of ethanol:water (4:1, v/v) and applied on a TLC plate with a fluorescent indicator (Merck 5715). The TLC plate was developed with n-butanol: acetic acid:water (5:2:3, v/v), and the acyl-CoA band was visualized under UV light (254 nm). In some cases, the amount of acyl-CoA was determined by phosphate determination (15, 25) .
ATP-independent acyl-CoA synthesis using radiolabeled substrates was measured as described previously (13, 15) 3 H]PI dried under a stream of nitrogen gas and dissolved in partially purified LPIAT fraction (1% CHAPS) with brief sonication (bath-type sonifier) on ice. The reaction was started by addition of assay medium containing CoA. In some cases, unlabeled LPI was added to assay system, and the concentration of CoA was varied. The reaction was terminated by the addition of chloroform-methanol. After the addition of unlabeled LPI as a carrier, phospholipids, including [ 3 H]LPI, were extracted by the method of Bligh and Dyer (24) in acidic conditions (0.6 N HCl). The chloroform layer was removed, and the water-methanol layer was further extracted with chloroform four times. The combined chloroform layer was evaporated to dryness under vacuum. Phospholipids were separated by TLC developed with chloroform:methanol: water (65:25:4, v/v), and the LPI radioactivity was determined as described above.
Reconstitution of CoA-dependent Transacylation Activity-Partially purified LPIAT (AF-blue-Toyopearl fraction) was incubated with the JC201 membrane fraction expressing mLPAAT for 1 h on ice. In the control, partially purified LPIAT was mixed with mock-transfected JC201 membranes. The mixed fractions were incubated with 50 M [ 
RESULTS
Solubilization of Acyl-CoA:Lysophospholipid Acyltransferases from Rat Liver Microsomes-All attempts to solubilize acyl-CoA:lysophospholipid acyltransferases from rat liver microsomes by sonication in the absence of detergents were unsuccessful. The activities also were not released by lysis of microsomal vesicle with hypotonic solution, high salt (1.5 M NaCl), or mild alkali (100 mM Na 2 CO 3 ) treatment. These results indicate that the enzymes responsible for acyl-CoA:lysophospholipid acyltransferases are integral membrane proteins.
We tested the effect of detergents on lysophospholipid acyltransferase activities. High concentrations of Triton X-100 (above 0.1%), Nonidet P-40 (above 0.1%), sodium deoxycholate (above 0.2%), and CHAPS (above 0.3%) strongly inhibited the enzyme. These results suggested that lysophospholipid acyltransferase activities, including LPIAT, are very sensitive to inhibition by detergents. The inhibition of LPIAT by CHAPS was reversed by dilution of the detergent below the critical micelle concentration. We thus usually diluted CHAPS to 0.05% (w/v) in enzyme assay mixtures. The inhibition by deoxycholate was partially reversed by dilution, but those by Triton X-100 and Nonidet P-40 were not reversed by dilution (data not shown). The mechanism of inhibition of LPIAT by detergent seems to be complex. In the presence of 0.4% CHAPS, addition of azolectin phospholipids partially restored the activity (ϳ20% of original activity), suggesting that the reduced activity by CHAPS may be in part because of the dilution of the phospholipids at the surface of the detergent-lipid micelle. However, only ϳ5% of original activity was restored by addition of phospholipids in the case of inhibition by Triton X-100 and Nonidet P-40. Here, the major mode of inhibition may be because of direct action by the detergent. Based on these observations, we decide to use CHAPS to solubilize LPIAT.
Rat liver microsomes were solubilized by 1% CHAPS, and the supernatant (CHAPS extract) was obtained by centrifugation. Approximately 80 and 90% of the protein and phospholipids, respectively, were recovered in the CHAPS extract (Table  I) . Approximately 70% of the LPIAT activity (toward 1-acyl LPI) was recovered in the extract, whereas the recovery of acyltransferase activity for 2-acyl LPI was ϳ50% ( Table I ), suggesting that different enzymes are involved in the acylation of 1-acyl and of 2-acyl LPI. LPCAT and LPEAT activities were solubilized to ϳ40 and 25%, respectively. LPIAT activity was thus the most efficiently solubilized among the acyltransferase activities toward various lysophospholipids. Table I and Fig. 1A) . The acylation was observed even in the absence of acyl-CoA but hardly occurred in the absence of CoA. CoA-dependent transacylation reactions occurred without addition of donor lipids to the assay system. Several lines of a Solubilized activity (%) was calculated as the activity in the CHAPS extract /(activities in CHAPS extact plus CHAPS-insoluble fraction) ϫ 100.
CoA-dependent Transacylation System in CHAPS Extract-
b Recovery (%) was calculated as the activity in the CHAPS extract/ (activity in microsomal fraction before detergent treatment) ϫ 100.
c This value includes some activity toward 1-acyl LPI. d LPE acyltransferase activity was increased 2-fold after CHAPS treatment, resulting in the discrepancy between solubilization and recovery values.
e CoA-dependent transacylation activity in the CHAPS-insoluble fraction was very low, because most phospholipid (acyl donor) was recovered in the CHAPS-solubilized fraction. This resulted in the discrepancy between solubilization and recovery values.
f Phospholipid content determined by phosphate (25) .
evidence suggested that the acyl donor of the reactions was phospholipid in the CHAPS extract. 1) Approximately 70% of phospholipids were recovered in the CHAPS extract (Table I) (Fig. 1A) ATP-independent Fatty Acyl-CoA Synthetic Reaction in CHAPS Extract-We examined whether ATP-independent acyl-CoA synthetic activity could be solubilized by CHAPS. After dialysis, the CHAPS extract was incubated with 1 mM CoA in the presence of 1% bovine serum albumin, and the resulting acyl-CoAs were separated by TLC. As shown in Fig.  1B , a band corresponding to standard acyl-CoA was detected (lane 2), whereas no acyl-CoA band was detected in the absence of CoA (lane 1). This acyl-CoA synthetic activity was not because of acyl-CoA synthetase, because the assay did not contain ATP or MgCl 2 . Treatment with apyrase (0.5 units/ml) and 1 mM MgCl 2 to deplete residual ATP also did not affect acyl-CoA formation (data not shown). The acyl donor for ATP-independent acyl-CoA formation seemed to be phospholipids solubilized by CHAPS, because lysophospholipids, such as LPI and LPC, were formed concomitantly. In fact, addition of PI augmented the ATP-independent acyl-CoA synthesis (Fig. 1B, lane 3) .
Partial Purification of LPIAT-We investigated the chromatographic separation of acyl-CoA:lysophospholipid acyltransferases. The CHAPS extract was applied to a TSK gel AF-red-Toyopearl 650ML column (dye-affinity chromatography), and activities were eluted using a linear NaCl gradient.
The column profile is shown in Fig. 2A (upper panel) . Most LPIAT activity was adsorbed to the column and eluted around 0.5 M NaCl, and a small part of LPIAT activity was eluted in the flow-through fraction. In contrast, column chromatography using TSK gel AF-red-Toyopearl separated LPCAT activity into three portions (Fig. 2A, upper panel, open circles) . LPCAT activity was eluted in the latter half of flow-through fraction (fractions 14 -22) and in two peaks in the NaCl gradient fractions (fractions 35-42 and 43-52). Next, fractions 36 -42 from the TSK gel AF-red-Toyopearl column run, containing LPIAT and LPCAT, were applied to a hydroxyapatite column, and activities were eluted using a linear potassium P i gradient. (Fig. 2B, upper panel) . This partially separated LPIAT activity from LPCAT activity, with LPIAT activity eluted around 0.1-0.2 M potassium P i (fractions [15] [16] [17] [18] [19] [20] , and LPCAT activity eluted around 0.25-0.4 M potassium P i (fractions [22] [23] [24] [25] [26] [27] [28] .
Fractions 15-20 from the hydroxyapatite column, containing LPIAT activity (and a small amount of LPCAT activity), was diluted with Buffer A and applied to an Econo-Pac Q cartridge (anion exchange chromatography). Most of the LPIAT activity did not bind to the anion-exchange column, but the residual LPCAT activity did bind (Fig. 2C, upper panel) . This column thus completely separated LPIAT activity from LPCAT activity. LPIAT in the flow-through fractions from the Econo-Pac Q cartridge were further purified by successive chromatography on TSK gel AF-Heparin-Toyopearl (data not shown) and TSK gel AF-blue-Toyopearl (Fig. 2D) . For each of these column runs, a single peak of LPIAT activity was observed. The summary of the LPIAT purification is in Table II . In the end, LPIAT was purified ϳ4000-fold over the rat liver homogenates. SDS-PAGE analysis of the partially purified LPIAT revealed several protein bands (Fig. 2E) , so the enzyme was partially purified.
We examined the substrate specificity of partially purified LPIAT activity using various lysophospholipids (Table III) . No acyl-CoA acyltransferase activity was seen with LPC, LPE, or LPA, indicating that the LPIAT activity was distinct from other acyl-CoA acyltransferases. Although the partially purified LPIAT shows a small activity toward 2-acyl LPI, the ratio of 1-acyl LPI/2-acyl LPI activity greatly increased after purification. In addition, the activity toward 2-acyl LPI includes 1-acyl LPIAT activity, because 2-acyl LPI easily isomerizes to 1-acyl LPI (25) . These results suggest that distinct enzymes, with distinct acyl acceptor specificity, were involved in the acylation of 1-acyl or 2-acyl LPI.
Although the LPIAT from the AF-blue-Toyopearl fraction was not completely pure, it did not contain other lysophospholipid acyltransferases, such as LPAAT, LPCAT and LPEAT. Thus, we used this partially purified LPIAT preparation for further characterization.
CoA-dependent Transacylation Activity in the Purification Steps-Our initial goal was to determine whether lysophospholipid acyltransferases could catalyze CoA-dependent transacylation reactions. We monitored the CoA-dependent transacylation activity toward [ 3 H]LPI and [ 14 C]LPC during purification of LPIAT.
In the AF-red-Toyopearl column chromatography, three active fractions of LPIAT or LPCAT were pooled: the latter half of the flow-through (fractions 14 -21) and two peaks in the NaCl gradient (fractions 36 -42 and 44 -52). The major CoA-dependent transacylation activity toward [ 3 H]LPI was found in pooled fractions 36 -42 ( Fig. 2A, lower panel) , which contained LPIAT activity (Fig. 2A, upper panel) . In contrast, CoA-dependent transacylation activity toward [
14 C]LPC was separated into three portions (Fig. 2A, lower panel, open columns) . The frac- Co-elution of CoA-dependent transacylation activity for [ 3 H]LPI with LPIAT was also observed in subsequent chromatographies on Econo-Pac Q, AF-heparin-Toyopearl, and AFblue-Toyopearl. Most CoA-dependent transacylation activity for [ 3 H]LPI passed through the Econo-Pac Q column, whereas transacylation activity for [ 14 C]LPC was bound to the column (Fig. 2C, lower panel) . These profiles coincided with those of LPIAT. Further, CoA-dependent transacylation activity for [ 3 H]LPI and LPIAT co-purified on AF-heparin-Toyopearl (data not shown) and AF-blue-Toyopearl (Fig. 2D) . Co-purification of CoA-dependent transacylation activity for [ 3 H]LPI and LPIAT suggests that CoA-dependent transacylation activity is catalyzed by LPIAT.
Effects of Various Reagents on the Activities of CoA-dependent Transacylation for [
3 H]LPI and LPIAT-To confirm the involvement of LPIAT in the CoA-dependent transacylation activity with [ 3 H] LPI, the effects of various reagents on LPIAT activity were examined (Table IV) . Both activities, LPIAT and CoA-dependent transacylation toward LPI, were inhibited by sulfhydryl-modifying reagents, N-ethylmaleimide and 5,5Ј-dithiobis(2-nitrobenzoic acid), whereas neither activity was inhibited by the serine-modifying reagent, phenylmethanesulfonyl fluoride. Both transacylation and LPIAT activities were inhibited by Triton X-100. As mentioned before, the major mode of the inhibition by Triton X-100 appears because of a direct interaction of the detergent with the enzyme. LPIAT was inhibited by 12-azido-oleoyl-CoA, a photoactive acyl-CoA analogue; the inhibition was enhanced by UV-irradiation, suggesting that covalent modification of LPIAT occurred. (Fig. 3A) , indicating that acylation of [ 3 H]LPI occurred. No formation of [ 3 H]PI was observed in the absence of CoA, indicating that the acylation was CoAdependent. The activity was augmented by addition of PI from bovine liver. No phospholipid other than PI caused a significant increase in transacylation above that seen with CoA alone (Fig.  3A) . These results demonstrated an acyl donor specificity for PI. However, acylation occurred even without addition of acyl donor phospholipids. We attribute this activity to the azolectin PI present in the partially purified LPIAT. Excluding azolectin remodeling of phospholipids, the mechanism of the transacylation is not fully understood yet. In the present study, we tried to elucidate the mechanism of the transacylation reaction. We already found an ATP-independent fatty acyl-CoA synthesis in microsomal fractions that is distinct from acyl-CoA synthetases (13, 14) . The acyl donor of the ATP-independent acyl-CoA synthesis is phospholipid, not free fatty acid (see Fig. 1B and Ref.
13). We proposed that ATP-independent acyl-CoA synthesis itself is the reverse reaction of the acyl-CoA acyltransferases. These observations led to the hypothesis that CoA-dependent transacylation comprises the combination of the reverse and forward reactions of acyl-CoA:lysophospholipid acyltransferases, as depicted in Scheme 1.
To clarify the general model, we tried to purify LPIAT, one of the individual acyl-CoA:lysophospholipid acyltransferases, to examine whether LPIAT could operate in reverse to form acylCoA and LPI. As mentioned before, acyl-CoA:lysophospholipid acyltransferases, including LPIAT, are very sensitive to detergents. We consider that the inhibition of LPIAT by CHAPS was in part because of dilution of the phospholipids in the surface of the detergent lipid micelle. However, the major mode of inhibition may be because of some direct action on the protein by the detergent. The high sensitivity to detergents makes it difficult to solubilize and purify LPIAT, but we were able to obtain partially purified LPIAT by using CHAPS for solubilization and by addition of phospholipids for stabilization the enzyme activity. During the purification, LPIAT was separated from other acyl-CoA acyltransferases such as LPCAT (Fig. 2) . In partially purified LPIAT, there were no acyl-CoA acyltransferase activities with other lysophospholipids, such as LPC, LPE, and LPA (Table III) .
As a whole, the CoA-dependent transacylation system in microsomes exhibits broad acyl donor and acceptor specificities. In fact, various phospholipids and lysophospholipids can act as acyl donor and acceptor, respectively (11) . The broad substrate specificity of the entire transacylation system makes it difficult to characterize the mechanism and the nature of the enzymes involved. In this study, CoA-dependent transacylation activity toward LPI was co-purified with LPIAT in the sequential purification steps. During the purification, CoA-dependent transacylation toward other lysophospholipids were diminished (see Figs. 2 and 3) , suggesting that acyl acceptor of transacylation was specific for LPI in partially purified LPIAT. In partially purified LPIAT, the acyl donor of the transacylation reaction is specific for PI, indicating identity of polar head portion of acyl donor and acceptor after purification (Fig. 3) . In addition, partially purified LPIAT exhibited ATP-independent acyl-CoA synthetic activity from PI (Fig. 5) and CoA-dependent LPI formation from PI (Fig. 6 ). These observations are all consistent with the CoA-dependent transacylation activity toward LPI consisting of two reaction steps, i.e. ATP-independent acyl-CoA synthesis through the reverse reaction of LPIAT and subsequent acylation of LPI with newly synthesized acyl-CoA through the forward reaction of LPIAT (Scheme 1).
Previously we reported that recombinant mLPAAT catalyzes CoA-dependent transacylation activity toward LPA (15) . This CoA-dependent transacylation reaction exhibits acyl donor and acyl acceptor specificity for PA and LPA, respectively (see Ref. 15 and Fig. 7 ). In the present study, we examined the combination of recombinant mLPAAT and partially purified LPIAT. Individual acyltransferases catalyze the CoA-dependent transacylation reaction between phospholipid and lysophospholipid with a given head group (i.e. PI to LPI or PA to LPA). However, the combination of two acyltransferases catalyzed the transacylation reaction between PI and PA (see Figs. 7 and  8 ). The transacylation from PI to PA consisted of ATP-independent acyl-CoA synthesis through the reverse reaction of LPIAT and subsequent acylation of LPA with newly formed acyl-CoA by the forward reaction of LPAAT. Conversely, the transacylation from PA to PI involves ATP-independent acylCoA synthesis via the reverse reaction of LPAAT and subsequent acylation of LPI by the forward reaction of LPIAT. These results indicate that CoA-dependent transacylation reaction was reconstituted by the combination of two acyltransferases.
The question of whether the reaction in Scheme 1 applies to other acyl-CoA:lysophospholipid acyltransferases besides LPIAT and LPAAT needs to be considered. As shown in Fig. 2 , CoA-dependent transacylation activity toward LPC co-eluted with LPCAT activity in the purification step. In the microsomal fraction, substantial amounts of LPC was formed, in addition to LPI during ATP-independent acyl-CoA synthesis (13), with a corresponding decrease of PC, suggesting that PC acts as acyl donor. These similarities suggest that LPCAT is also involved in ATP-independent acyl-CoA synthesis and CoA-dependent transacylation. The reverse reaction may be a common feature of acyl-CoA:lysophospholipid acyltransferases.
The CoA-dependent transacylation system in liver microsomes exhibits relatively strict fatty acid specificity:arachidonic acid and linoleic acid are transferred from the sn-2 position of phospholipids (5-11), whereas stearic acid originates from the sn-1 position (11, 28, 29) . Several line of evidence of suggest that acyltransfer from acyl-CoA to 1-acyl and to 2-acyl lysophospholipids are catalyzed by distinct acyl-CoA acyltransferases, even though the polar head group of the lysophospholipid is the same. Results from this study indicate that the acyl-CoA acyltransferases acting on 1-acyl LPI and 2-acyl LPI are indeed different enzymes, because the activity toward 2-acyl LPI was dramatically reduced during the purification of the 1-acyl LPI acyltransferase activity. CoA-dependent transacylation from the sn-2 position of phospholipids may be catalyzed by acyl-CoA:1-acyl lysophospholipid acyltransferases, as shown in the present results. In contrast, Hollenback and Glomset (30) reported that CoA-dependent stearoyl transacylase activity toward 2-acyl PI or 2-acyl PA could be partially purified from bovine testis membranes. The purified transacylase used PA, PI, or PIP as acyl donor and catalyzed the transfer of stearoyl groups in preference to palmitoyl groups or oleoyl groups. The CoA-dependent stearoyl transacylase co-purified with the acyl-CoA:2-acyl PI or 2-acyl PA acyltransferases. We also reported that stearic acid was transferred from the sn-1 position of PC (and PE) in rabbit liver microsomes (11) . From these observations, we speculate that the transfer of stearic acid is also catalyzed by the reverse and forward reactions of acyl-CoA:2-acyl lysophospholipid acyltransferases. It is noteworthy that acyl-CoA:2-acyl LPI acyltransferase exhibits a broad specificity, because the enzyme uses PA or PI as acyl donor (30) , whereas LPIAT specifically uses PI but not PA as acyl donor (with 1-acyl LPI as acceptor) (Fig. 3) .
The possibility that the reverse reaction of LPIAT plays a role in cellular signal transduction processes should be considered. PI and its phosphorylated derivatives are known to play important roles in cellular signaling (31, 32) . The reverse and forward reactions of LPIAT can catalyze the transient or continuous conversion of PI to LPI and acyl-CoA. Turnover of fatty acyl moiety of PI should occur dynamically, because the rate of the reverse reaction of LPIAT is potentially significant. In rat liver microsomes, 25% of the PI was converted to LPI during a 30 min-incubation in a CoA-dependent/ATP-independent process (13) . This is likely to be an underestimate, because the measured activities reflect the net of the reverse and forward reactions of the acyltransferase. It is worth noting that such turnover (remodeling) could occur without the consumption of ATP. The reverse reaction of LPIAT could regulate signaling involving PI derivatives by decreasing the level of PI available.
In addition, LPI itself is known to activate various cells (33, 34) . In particular, LPI is known to be a mitogen that can act via a receptor-mediated mechanism (35) . Unidentified receptor(s), such as LPA receptors (36) , may be involved in the responses. On the other hand, long chain fatty acyl-CoA also is known to modulate various enzyme and cell functions (4, 37, 38) . Roles for acyl-CoA have been proposed in the function of nuclear hormone receptors (39) and in Ca 2ϩ release from inositol phosphates-insensitive Ca 2ϩ stores (40) . It has also been demonstrated that acyl-CoA is required for the budding of transport vesicles from Golgi cisternae (41) . Protein acylation involving acyl-CoA has also been reported to contribute significantly to the regulation of protein function (4, 22, 42) . The reverse reaction of LPIAT can produce LPI and acyl-CoA simultaneously. The forward reaction could be involved in the elimination of the bioactive lipids, reforming the parent phospholipids. Thus, the reverse and forward reactions can potentially control rapid and transient formation and elimination of these bioactive lipids.
In conclusion, we found an ATP-independent biosynthetic pathway for acyl-CoA that is based on the reverse reaction of LPAIT. The combination of reverse and forward reactions of LPAIT constitute a CoA-dependent transacylation system for LPI, which may be a prototype for other microsomal CoA-dependent transacylation systems specific for other lysophospholipids.
